INTRODUCTION
Turbulence-induced resuspension of fine particles from surfaces is closely related to a variety of applications and phenomena, such as cleaning and preparation of semiconductor surfaces (Lim et al., 2005) , dose supply control of dry powder inhaler (Farkas et al., 2015) , transport of microorganisms in environments (Jamieson et al., 2005) , and spread of radioactive dust related to the operation of a nuclear reactor (Garimella and Deo, 2007) . Recently, particle resuspension has gained increasing attention because deposited particles could be an important source for indoor and outdoor airborne particulate matters (PM) and has the potential to prolong human exposure to harmful particles (Munir et al., 2013; You et al., 2013; You and Wan, 2014c; Dimitriou, 2015) . Particle resuspension models play a critical role towards the establishment of an accurate understanding of the phenomena and applications involving particle resuspension.
Numerous empirical and theoretical models have been proposed to characterize turbulence-induced particle resuspension. Empirical models (e.g., the models by Linsley (1978) , Garland (1982) , and Anspaugh et al. (2002) ) are generally derived from regression analysis or dimensional analysis of experimental data. Theoretical models describe the resuspension phenomenon in micro-scale mechanisms. Existing theoretical resuspension models could be classified into static and dynamic approaches according to a recent review by Henry and Minier (2014) . The static approach focuses on the disruption of static equilibrium of particlesurface contact and disregards the particle dynamics along wall surfaces after the disruption. The static approach can be further divided into static force-balance and kinetic probability density function (PDF) approaches. The static force-balance approach (e.g., the models by Goldasteh et al. (2013) and You and Wan (2014b) ) assumes that particle resuspension occurs once the aerodynamic forces (moments) have exceeded the adhesion force (moment) between particles and surfaces. The kinetic PDF approach (e.g., the models by Wen and Kasper (1989) , Benito et al. (2015) , and Reeks and Hall (2001) ) models particle resuspension by simulating the PDF of some variables related to the process. The dynamic PDF approaches recently introduced by Guingo and Minier (2008) and , consider both the disruption of static equilibrium of particle-surface contact and particle motion along walls. The dynamic PDF approach could be potentially extended to form a unified modelling framework to cover a full range of phenomenologies (e.g., resuspension modes, surface roughness effects, and nearwall coherent structures) underlying the resuspension process (Henry and Minier, 2014) . More comprehensive categorization and description of existing models could be found in Henry and Minier (2014) .
Turbulence-induced particle resuspension involves both particle-surface and particle-turbulence interactions of statistical nature. On one hand, the morphology of real particles and surfaces are generally heterogeneous. When rough particles deposit onto different sub-areas of a rough surface, the interfaces between the particles and surface would have different morphologies, leading to a distribution of adhesion force between the particles and surface (Fig. 1) . On the other hand, particle resuspension is generally involved with the inner region of the turbulent boundary layer which is classically divided into the viscous sublayer, buffer layer, and logarithmic layer (Fig. 2) . The typical, nondimensional ranges of the viscous sublayer, buffer layer, and logarithmic layer are y + < 5, 5 < y + < 30, and 30 < y + < 100, respectively, with respect to wall units (Pope, 2001) . For usual atmospheric and indoor airflows, deposited fine particles are generally immersed in the viscous sublayer (up to hundreds of micrometers (Ziskind et al., 1995) ) of incompressible turbulent boundary layer where the average velocity profile can be described by the law of wall (Pope, 2001) . The viscous sublayer is continually disrupted by turbulent inrushes and bursts penetrating deep into the nearwall region and becomes unsteady (Corino and Brodkey, 1969; Smith and Schwartz, 1983) . Potential mechanisms underlying the occurrence of turbulent bursts were proposed based on flow visualisation studies (Corino and Brodkey, 1969; Bröcker, 1998) . As shown in Fig. 2 , a decelerated region is formed due to the wall skin friction and is then subject to the effect of an upstream large-scale disturbance of a high axial velocity. At the transition from the overflowing disturbance to the decelerated region, a strong shear layer Fig. 1 . A schematic of turbulence-induced particle resuspension from a surface: (1) Turbulent inrushes and bursts lead to the variation of airflow velocity profile; (2) Surface roughness leads to the variation of adhesion force from particle to particle. is developed and induces an abrupt ejection (burst) of fluid from the decelerated region towards the turbulent core. Omnidirectional chaotic motions are caused by the violent interactions at the shear layer between the ejecting fluids and the faster overflowing fluids. Some chaotic motions induce the wallward flow (inrush) that could reach all the way up to the wall. The inrushes lead to the formation of additional airflow streaks in the viscous sublayer which influence the velocity profile in return. The streamwise velocity profile within the viscous sublayer was found to follow self-similar probability density distributions (Alfredsson et al., 2011) .
It should be noted that the existing models may have different ranges of validity, especially, in terms of particle size. As discussed in the review by Henry and Minier (2014) , for small particles which are well embedded in the viscous sublayer, the predominant resuspension mode tends to be rolling mode. On the other hand, the 'burst-type' mechanism, where coherent structures play a central role in detaching particles, applies to large particles which protrude out of the viscous sublayer (Henry and Minier, 2014) . Hence, the models (e.g., Ibrahim et al. (2004) , Ibrahim et al. (2008) , and You and Wan (2014b) ) based on the moment balance of rolling mode are more suitable for small particles whereas the models (e.g., Reeks et al. (1988) ) considering lift forces and coherent structures as the major driving factors of particle resuspension would be more suitable for large particles, as emphasized in the review by Henry and Minier (2014) .
In this work, we develop a stochastic model of turbulence-induced particle resuspension by considering both adhesion force and aerodynamic force distributions. Three types of commonly used adhesion force distributions, i.e., log-normal, Weibull, and Gaussian distributions, are specifically explored. The proposed model is validated by comparing model predictions to experimental data, in terms of resuspension fractions versus free stream velocity, reported in the literature. Based on the proposed model, the impacts of various modeling parameters on particle resuspension prediction are explored, which would shed light on the understanding of particle resuspension process in turbulent flows.
METHODOLOGY
In this work, small particles that are well embedded in the viscous sublayer are considered, and accordingly, rolling is considered as the dominant resuspension mode. The particle resuspension process is governed by the aerodynamic forces, gravitational force and particle-surface adhesion force (Fig. 1) . Applying moment balance at the pivot O, we have
based on the rolling mode, where R p is the particle radius, F d and F l are the aerodynamic drag and lift forces, respectively, F g = π/6d p 3 (ρ p -ρ f )g is the gravitational force (considering buoyancy effect) with ρ p as the particle density, ρ f the fluid density, and g the gravitational acceleration, a is the contact radius between the particle and surface. F a is the adhesion force. Note that Eq. (1) is for particles deposited on an upward-facing surface where the gravitational force serves to retain particles on the surface ("+" operator in front of F g ). For particles deposited on a downward-facing surface, Eq. (1) needs to be modified by replacing the "+" operator in front of F g with "-". Based on Eq. (1), a critical detachment force, F cd , could be defined as (You and Wan, 2014b) 
The criterion of particle resuspension is F a -F cd < 0, i.e., a particle would be detached when the particle-surface adhesion force is smaller than the critical detachment force. It should be noted that although the current model only considers the dominant rolling resuspension mode, it could be easily extended to consider other resuspension modes (i.e., sliding and lifting) by simply adjusting the moment balance formula to corresponding force balance formulae for calculating the critical detachment force. Since the current model is a static approach and focuses on the disruption of static equilibrium of particle-surface contact, it does not consider the potential collision between particles after resuspension. Such collision is possible especially in dense particle beds where the distance between particles would matter and needs to be considered by dynamic approaches in further developments.
For fine particles of diameter d p immersed in the viscous sublayer, the aerodynamic drag F d (O'neill, 1968) , and lift F l (Leighton and Acrivos, 1985; Hall, 1988; Mollinger and Nieuwstadt, 1996) forces are given by 
where ν is the kinematic viscosity of fluid; f = 1.7009 is a correction coefficient accounting for the wall effect (O'neill, 1968) (Johnson et al., 1971) and DMT (Derjaguin et al., 1975) models, were developed to estimate the contact radius, while they are valid for different cases. Muller et al. (1980) developed a dimensionless parameter λ v to identify the validity of the JKR and DMT models for a specific case.   is the surface energy of adhesion, with γ 1 and γ 2 as the surface energy of particle and surface, respectively.
is the composite Young's modulus.
ν 1 and ν 2 , and E 1 and E 2 are the Poisson ratio and Young's modulus of the particle and surface, respectively. If λ v > 1, which generally corresponds to the case of large particles, high surface energies, and low elastic moduli, the contact radius between a smooth particle and surface is calculated based on the JKR model (Johnson et al., 1971 )
whereas if λ v < 1, which generally corresponds to the case of small particles, low surface energies, and high elastic moduli, the contact radius between a smooth particle and surface is given by the DMT model (Derjaguin et al., 1975) 
However, Eq. (6) and Eq. (7) were derived based on the contact between a smooth particle and surface. For the real contact between a rough particle and surface, the actual contact radius would be in-between because the actual contact between the particle and surface consists of numerous contacts between smaller roughness features. Hence, Eq. (6) and Eq. (7) would be applied, respectively, to set two limits for model predictions.
Corresponding to the contact radius from Eq. (6) and Eq. (7), 14R p F d /a are generally, at least, three orders of magnitude larger than F l in Eq. (2) for particles of d p + < 0.1, suggesting that F l is negligible. In that case, Eq. (2) becomes
Based on Eq. (3) and Eq. (4), the ratio between 14R p F d /a and F l for particles of d p
Recently, Alfredsson et al. (2011) established the selfsimilarity of the streamwise velocity distribution within the viscous sublayer and found that u + /y + could be accurately described by a log-normal (LN) distribution, LN(µ u , σ u 2 ). The corresponding probability density function is
where µ u and σ u are the location and scale parameters of the distribution, respectively. The study by Alfredsson et al. (2011) showed that µ u and σ u vary slightly with respect to Reynolds number from 1100 to 4000. However, the following analysis (Section 4) would show that the values of µ u and σ u have minor effects on model predictions. Hence, µ u = -0.063 and σ u = 0.417 corresponding to the Reynolds number of 1100 in the study by Alfredsson et al., (2011) would be applied to model validation.
Based on Eq.
Corresponding to Eq. (2), the critical resuspension force F cd would follow a log-normal distribution LN(µ 2 , σ 2 2 ) with
where 1 2 1 1 2
and Var [·] denote the mean and variance of the distribution, respectively. The location and scale parameters, µ 2 and σ 2 could be calculated by
Hence, -F cd has the probability density function
Let the adhesion force distribution follow a probability density function f F a (F a ). In view of the resuspension criterion F a -F cd < 0, a force difference is defined as ΔF = F a -F cd . The distribution of ΔF could be obtained by the convolution of the distributions of F a and -
Therefore, based on the resuspension criterion, F a -F cd < 0, the resuspension fraction is predicted by
Measured adhesion force distributions have been shown to follow different probability distributions. The study by Götzinger and Peukert (2004) found that either Weibull or log-normal distribution could be used to approximate the adhesion force distribution between particles and a surface depending on the roughness of both the particles and surface. The Weibull distribution is applicable to surfaces with a narrow distribution of asperity radius and smooth particles, whereas log-normal distribution could be a better fit if the structural or energetic heterogeneity of particles or surfaces is broad. The Weibull and log-normal distributions were further validated in the study by Li et al. (2006) which measured the adhesion forces between alumina particles and silica substrates with different coatings. Lognormal distributions were also found in a number of other experimental studies (Lam and Newton, 1992; Louey et al., 2001; Salazar-Banda et al., 2007; Felicetti et al., 2008) involving surfaces with significant roughness. Perni (2010, 2011) numerically and experimentally showed that the adhesion forces between PBT particles and glass and silicone surfaces follow a Gaussian distribution. In addition to the Weibull, Gaussian, and lognormal distributions, some experimental works (Tormoen et al., 2004; Jaiswal et al., 2009 ) also found that the adhesion force between particles and a surface could present multimodal characteristics, but no concrete distributions were proposed for the data. In the current work, the Weibull, Gaussian, log-normal distributions are further explored by substituting the distributions into Eq. (16).
For a log-normal adhesion force distribution, that is,
the corresponding resuspension fraction is
In the study by Götzinger and Peukert (2004) , a threeparameter (shape, scale, and location parameters) Weibull distribution was used and the smallest adhesion force was considered as the location parameter of the distribution. The smallest adhesion force corresponded to the ideal case when the central position of a particle was on the top of an asperity hemisphere (the surface roughness was represented by spherical asperities having the same radius). In this work, the more general, two-parameter Weibull (WB) adhesion force distribution, i.e., F a : WB(k, λ), is used and we have
where k and λ are the shape and scale parameters of the distribution.
The corresponding resuspension fraction is
For a Gaussian (N) adhesion force distribution, that is,
The left tail of a fitted Gaussian distribution could fall into negative values, which is not reasonable for the current model because adhesion forces only serve to hold particles on a surface, not to repel. In the case of negative adhesion force, the probability density function (Eq. (21) The experimental data of adhesion force distributions is not always available for predicting particle resuspension using Eq. (16). In this case, existing numerical or theoretical models could be used to predict the adhesion force distribution between rough particles and a rough surface. Perni (2010, 2011) developed numerical methods to simulate the distribution of adhesion force in conditions that the adhesion force is dominated by van der Waals force. You and Wan (2014a) proposed a model that predicts the adhesion force distribution between particles and a surface in conditions that both the van der Waals force and the capillary force are dominant. Based on the DLVO (Derjaguin and Landau, Verwey and Overbeek) theory, developed a model to account for both the van der Waals force and the electrostatic force. In this work, the adhesion force distribution model of You and Wan (2014a) is adopted for the following model validation and parametric analysis. The details of the adhesion force distributions could be found in You and Wan (2014a, b) and will not be repeated here. Note that the adhesion forces predicted by the model of You and Wan (2014a) may follow different distributions depending on the surface roughness.
Eq. (18), Eq. (20), and Eq. (22) cannot be integrated analytically and numerical integration needs to be applied. Note that the ratio r would also follow a log-normal distribution based on Eq. 
MODEL VALIDATION
The proposed model is validated by comparing model predictions to existing experimental data (Ibrahim et al., 2003 (Ibrahim et al., , 2004 in terms of particle resuspension fraction vs. free stream velocity. Validation is based on four cases: 1) 70 µm stainless steel particles on glass substrates at 61% relative humidity (RH) (SS70/GL-1), 2) 70 µm stainless steel particles on glass substrates at 25% RH (SS70/GL-2), 3) 72 µm glass particles on glass substrates at 25% RH (GL72/GL), and 4) 32 µm glass particles on glass substrates at 25% RH (GL32/GL). Relevant material and fluid properties are listed in Table 1 . The relationship between free stream velocity and friction velocity is u * = 0.0375U ∞ + 0.0387 (Ibrahim et al., 2003) . The location and scale parameters of the log-normal distribution of u + /y + are µ u = -0.063 and σ u = 0.417 based on the study of Alfredsson et al. (2011) . As mentioned earlier, in Eq. (2), the lift force term is generally negligible compared to the drag force term for particles of d p + < 0.1. This is illustrated in Fig. 3 (a) where the distribution of the ratio between the drag force term and lift force term (r) is larger than 10 4 for the cases examined. The distributions of critical resuspension forces F cd (U ∞ = 10 m s -1 ) are illustrated in Fig. 3(b) for the contact radii calculated by the JKR and DMT models, respectively. The adhesion force distributions of the four cases have been calculated in the study by You and Wan (2014b) . The details of the adhesion force distribution model will not be repeated here but could be found in You and Wan (2014a, b) . The surface roughness data used for the theoretical calculation could be found in You and Wan (2014b) . Log-normal distributions were assumed and fitted to the theoretical data in You and Wan (2014b) whereas Gaussian and Weibull distributions were not examined in this previous study. In the current work, Gaussian and Weibull distributions are also used to fit the theoretical data, and the parameters of the distributions are listed in Table 2 . The Kolmogorov-Smirnov (KS) test is conducted to rank the goodness-of-fit of the three distributions and the rankings are shown in Table 2 . The modelled adhesion force distributions have the parameters in the range of experimentally measured ones by the existing studies (e.g., Lam and Newton (1992) , Louey et al. (2001) , SalazarBanda et al. (2007) , and Felicetti et al. (2008) ). It is shown in Table 2 that the theoretical data of adhesion forces is best represented by log-normal distributions as indicated by the KS statistics, which measure the maximum vertical differences between the cumulative distribution functions of the theoretical models and the actual data. The log-normal distribution is a good fit to the theoretical data for the cases of SS70/GL-1 and GL32/GL under the significance level of α = 0.05 while it is a good fit for the cases of SS70/GL-2 and GL72/GL under the level of α = 0.1. The comparison between the log-normal fittings and theoretical data is further illustrated by a probability plot in Fig. 3(c) for the four cases. The figure shows that the log-normal fitting for the case of SS70/GL-1 is the worst among the four cases. A comparison of log-normal adhesion force distributions of different cases is illustrated in Fig. 3(d) . The case of SS70/GL-1 differs from that of SS70/GL-2 regarding the relative humidity and thus the adhesion force distributions, while the aerodynamic and gravitational forces are the same expressed by the overlapping of the distributions of r and F cd in Figs. 3(a) and 3(b) .
Corresponding to the log-normal, Gaussian, and Weibull adhesion force distributions, the resuspension fractions for the free stream velocity of 0-40 m s -1 are predicted using Eq. (18), Eq. (20), and Eq. (22), respectively. The model predictions are based on the contact radii obtained using the JKR and DMT models, respectively, to set two limits Table 1 . Parameters for model predictions. SS and GL denote stainless steel and glass, respectively. for model predictions. The model validation is shown in Fig. 4 . Fig. 4 shows that in the case of SS70/GL-2, particles detach in a narrower range of free stream velocities, compared to the SS70/GL-1 case. This is due to the fact that both the mean and standard deviation of the adhesion force distribution of SS70/GL-2 are smaller than that of SS70/GL-1, as shown in Fig. 3(d) and Table 2 . Among the four cases, particle detachment is the most difficult in the GL32/GL case. It is because the critical resuspension force distribution of GL32/GL has the smallest values and is located on the left of the adhesion force distribution of GL32/GL, as shown in Figs. 3(b) and 3(d) . The model predictions based on the log-normal adhesion force distributions are in the best agreement with the experimental data whereas those based on the Gaussian distributions show least agreement with experimental data. The left tails of the fitted Gaussian distributions for all the four cases fall into negative values considering that more than 99.9% of values are in the range of µ a ± 3σ a while the standard deviations of Gaussian distributions are generally larger than one-third of the means, as shown in Table 2 . As a result, the renormalization technique described earlier is applied to the model predictions based on the Gaussian distributions for all the four cases (Figs. 4(a)-4(b) ). The model predictions based on the lognormal distributions are generally in good agreement with the experimental data except for the case of SS70/GL-2 where the model underestimates the resuspension fraction in the range from 3-8 m s -1 . The discrepancy between model predictions and experimental data is possibly caused by the error in the fitted adhesion force distribution which is related to the uncertainty in the distribution fitting process and/or the theoretical predictions from the model of You and Wan (2014a) . Note that the KS statistic of log-normal distribution is the largest for SS70/GL-2 among the 4 cases. This suggests that the considered three types adhesion force distributions might not cover all situations and more potential distributions need to be explored in the future.
The sigmoid-shaped relationships between the resuspension fraction and free stream velocity are well predicted by the proposed model. The model reasonably reflects the physical behaviors underlying the process of turbulence-induced particle resuspension from rough surfaces using straightforward stochastic analysis, and effectively enhances our understanding of the process. The proposed stochastic model has the potential to be extended to a fully predictive tool by coupling with accurate models of aerodynamic forces and adhesion force distributions in further developments.
EFFECTS OF MODEL PARAMETERS
The proposed model is further applied to study the effects of various parameters (composite Young's modulus, surface energy, adhesion force distribution, velocity distribution, fluid density, and particle diameter) on resuspension fraction versus friction velocity. In this part of the study, the Fig. 4 . The comparison between model predictions and experimental data (Ibrahim et al., 2003 (Ibrahim et al., , 2004 for the cases of (a) SS70/GL-1, (b) SS70/GL-2, (c) GL72/GL, and (d) GL32/GL. SS70/GL-1 case is used as the base case and one parameter is varied while the other ones were left unchanged. Unless specifically noted, log-normal adhesion force distributions are used. As shown in Fig. 4 , the variation of resuspension fraction with respect to velocity follows a sigmoid shape. Note that if multi-modal distributions are applied in the proposed model, it would be expected that the overall variation of resuspension fraction with respect to velocity would be different from the sigmoid shape which corresponds to the unimodal distributions used in the current work. In order to account for the variation of resuspension fraction versus friction velocity, the friction velocity corresponding to 50% resuspension fraction, u * 50 , as well as the difference between the friction velocities corresponding to 90% resuspension fraction and 10% resuspension fraction, Δu is defined as the threshold friction velocity which reflects the average resistance of particles to resuspension. Δu * is defined as the friction velocity divergence which reflects the dispersion of resuspension fraction versus friction velocity. Both the results based on the JKR and DMT models were shown to cover the potential range of change.
Composite Young's Modulus
Composite Young's modulus (E * ) is varied from 10 to 200 GPa corresponding to a potential range of Young's modulus of common materials under room temperature, such as, hemp fiber (35 GPa) (Saheb and Jog, 1999) , magnesium alloy (45 GPa) (Fenn Jr, 1958) , single-crystal silicon (130-186 GPa) (Boyd and Uttamchandani, 2012) , and silicon carbide ceramic (297 GPa) (Smirnov et al., 2003) . It is shown in Fig. 5 that increasing the composite Young's modulus decreases u * 50 and Δu * . This means that particles are generally easier to resuspend and the range of friction velocities to cause resuspension becomes more concentrated as the materials of particle or surface become stiffer.
However, there is a significant change in the slopes of the curves at around E * = 30 GPa. When E * increases from 10 to 30 GPa, u * 50 and Δu * show a reduction of 40% and 50%, respectively. Further increase of E * from 30 to 200 GPa only results in a reduction of less than 15% in u * 50 and Δu * . This results from the competitive effects between the variations of contact radius and average adhesion force with respect to the change of the composite Young's modulus. Increasing composite Young's modulus decreases the contact radius (Eq. (6) and Eq. (7)) and thus increases the critical resuspension force (Eq. (2)), which promotes particle resuspension. In parallel, as shown in the figure inset, increasing the composite Young's modulus first decreases the location parameter (µ a ) of the log-normal adhesion distribution, which promotes particle resuspension, from 10 GPa to 30 GPa and then increases the location parameter at higher E * , suppressing particle resuspension.
Surface Energy
Surface energy (γ) is varied from 0.05 to 1 J m -2 . It is shown in Fig. 6 that both u * 50 and Δu * generally increase with surface energy, suggesting that the particle resuspension becomes more difficult as the surface energy increases. Similar to the case of the composite Young's modulus, the effects of surface energy on particle resuspension are twofold. On one hand, the increase of surface energy increases the contact radius (Eq. (6) and Eq. (7)) between particles and the surface and, thus, reduces the critical resuspension force (Eq. (2)), leading to easier particle resuspension. On the other hand, as shown in the figure inset, the surface energy also affects the adhesion force distribution: ( ) and friction velocity divergence (Δu * ). The variation of the adhesion force distribution with respect to the composite Young's modulus is modelled based on the model of You and Wan (2014) and shown in the inset. 
Adhesion Force Distributions
The effects of the means and standard deviation (SD) of log-normal, Weibull, and Gaussian adhesion force distributions on particle resuspension are examined. A higher mean indicates higher overall adhesion forces between particles and surface. A higher SD indicates a wider spread of adhesion force distribution between particles and surface. Unlike the log-normal and Weibull distributions, Gaussian distributions allow negative values while the adhesion force is non-negative in the model. Hence, the SD of Gaussian distribution (i.e., σ a ) needs to be limited in view of the mean of the distribution (i.e., µ a ) such that the left tail of Gaussian distribution does not fall into negative values. Considering that more than 99.9% of values will be within the range of µ a ± 3σ a , the maximum SD in this parametric study is one-third of the mean. The followings are conducted for parametric analysis with all the three distributions: i) the mean is varied from 300 to 2000 nN while the SD was kept as 100 nN, and ii) the SD is varied from 50 to 150 nN while the mean is kept as 500 nN.
Mean of Adhesion Force Distribution
The effects of the means on u * 50 and Δu * are shown in Fig. 7 . It is shown that the effects of the mean of adhesion force on u * 50 and Δu * do not depend on the type of distribution. As mentioned earlier, the threshold friction velocity corresponds to the mean adhesion force, while the friction velocity divergence corresponds to the dispersion (SD) of adhesion forces. As a result, for the same adhesion force mean and SD, the corresponding u * 50 and Δu * would be similar among different types of adhesion force distributions. For all the three adhesion force distributions, u * 50 and Δu * increase by 2.5 and 2 times, respectively, as the mean increases from 300 to 2000 nN. The resultant increasing trend is because a higher mean corresponds to higher overall adhesion forces between particles and surface which require higher airflow velocity to cause particle resuspension.
Standard Deviation (SD) of Adhesion Force Distribution
The effects of the SD of adhesion force distribution on u * 50 and Δu * are shown in Fig. 8 . Similar to the mean, the variations of u * 50 and Δu * with respect to the SD are the same for the three adhesion force distributions. u * 50 is hardly affected as the friction velocity increases by around 1.5 times when the SD increases from 50 to 150 nN.
Velocity Distribution
According to Alfredsson et al. (2011) , the variation of the location parameter (µ u ) of the log-normal velocity distribution was small (from -0.063 to -0.069). Conservatively, in the current parametric analysis, the location parameter is varied from -0.07 to -0.05 as shown in Fig. 9 (a) . It is shown that the location parameter has negligible effects on u * 50 and Δu * within the considered range. This suggests that predictions based on the proposal model are not sensitive to the location parameter, which also justifies the value (-0.063) used in model validation. It is worth noting that the negligible effects of the location parameter on u * 50 and Δu * should be related to its small range of possible values.
In Alfredsson et al. (2011) , the scale parameter (σ u ) of the log-normal distribution was in the range from 0.417 to 0.425. Following their study, σ u is varied from 0.35 to 0.45 in the current analysis, as shown in Fig. 9(b) . Similar to the case of the location parameter, the scale parameter has a 
Fluid Density
The density of fluid (ρ f ) is varied from 1 to 1000 kgm effect (in cases that particle density is higher than fluid density). Since the kinematic viscosity, ν, has no effect on the dominant aero(hydro)dynamic drag force (ν is canceled out on the right-hand side of Eq. (3)), changing the fluid density by replacing the type of fluid is an effective way of modifying the particle resuspension profile. The effect of varying fluid density on u * 50 and Δu * is most significant in the range from 1 to 200 kg m -3 .
Particle Diameter
The particle diameter (d p ) affects particle resuspension via the aero(hydro)dynamic force and gravitational force. When particles are deposited on an upward-facing surface, the gravitational force serves to retain particles on the surface, while it serves to resuspend particles when particles are deposited on a downward-facing surface. Hence, the effects of particle diameter are explored by considering particle resuspension from upward-facing and downwardfacing surfaces, as shown in Fig. 11 . When particles are deposited on a side wall (horizontal-facing surface), the gravitational force would mainly affect the subsequent rolling motion of particles after being detached from surfaces. Considering that the proposed model is a static approach exploring the particle detachment process, the effect of particle diameter via the gravitational force for the case of particle depositing on a side wall is not explored.
It is shown in Fig. 11 (a) that increasing the particle diameter from 10 to 100 µm decreases u * 50 and Δu * by over one order of magnitude for the case of upward facing surfaces. Similar decreasing trends in threshold friction velocity with respect to increasing particle diameter were also found in previous studies (Ibrahim et al., 2008; You and Wan, 2014b) , which was due to the fact that the aero(hydro)dynamic forces increase much faster than the adhesion forces do as the diameter of particles increases. In the case of downward facing surfaces (Fig. 11(b) ), the (a)
decreasing trends of u * 50 and Δu * with respect to particle diameter remain. Compared to the case of upward facing surfaces, both u * 50 and Δu * for the same diameter only slightly decreases for the case of downward facing surfaces (for instance, around 1% for 10 µm). This suggests that the gravitational force does not play a significant role in particle resuspension in the range of particle sizes studied, i.e., < 100 µm in diameter.
CONCLUSIONS
A stochastic model of turbulence-induced particle resuspension from rough surfaces is proposed based on the statistical nature of the process, i.e., the distributions of aerodynamic and adhesion forces. A general framework is developed to predict particle resuspension for potential adhesion force distributions. Three common types of adhesion force distributions, i.e., log-normal, Weibull, and Gaussian, are studied. The proposed model is validated by comparing the predicted resuspension fractions versus free stream velocity with the existing experimental data. A good agreement is found. Based on the proposed model, the influences of various parameters (composite Young's modulus, surface energy, adhesion force distribution, velocity distribution, fluid density, and particle diameter) on particle resuspension are studied. Both the threshold friction velocity (u * 50 ) and friction velocity divergence (Δu * ) decrease as composite Young's modulus increases, indicating that resuspension is generally easier to occur and the range of friction velocities to cause resuspension becomes more concentrated as the materials of particle or surface become stiffer. Particle resuspension becomes more difficult as the surface energy increases. Increasing the fluid density could effectively enhance particle resuspension, especially in the range from 1 to 200 kg m -3 . The impact of varying particle diameter on particle resuspension via changing gravitational forces is limited for fine particles (< 100 µm). The proposed model effectively extends the current capability of modeling particle resuspension by exploring the effects of different types of adhesion force distributions.
